Monitor lizards are unique among ectothermic reptiles in that they have a high aerobic capacity 36 and distinctive cardiovascular physiology which resembles that of endothermic mammals. We 37 have sequenced the genome of the Komodo dragon (Varanus komodoensis), the largest extant 38 monitor lizard, and present a high resolution de novo chromosome-assigned genome assembly 39 for V. komodoensis, generated with a hybrid approach of long-range sequencing and single 40 molecule physical mapping. Comparing the genome of V. komodoensis with those of related 41 species showed evidence of positive selection in pathways related to muscle energy 42 metabolism, cardiovascular homeostasis, and thrombosis. We also found species-specific 43 expansions of a chemoreceptor gene family related to pheromone and kairomone sensing in V. 44 komodoensis and several other lizard lineages. Together, these evolutionary signatures of 45 adaptation reveal genetic underpinnings of the unique Komodo sensory, cardiovascular, and 46
Introduction 52
The evolution of form and function in the animal kingdom contains numerous examples 53 of innovation and diversity. Within vertebrates, non-avian reptiles are a particularly interesting 54 lineage. There are an estimated 10,000 reptile species worldwide, found on every continent 55 except Antarctica, with a diverse range of morphologies and lifestyles 1 . This taxonomic 56 diversity corresponds to a broad range of anatomic and physiological adaptations. 57
Understanding how these adaptations evolved through changes to biochemical and cellular 58 processes will reveal fundamental insights in areas ranging from anatomy and metabolism to 59 behavior and ecology. 60
The varanid lizards (genus Varanus, or monitor lizards) are an unusual group of 61 squamate reptiles characterized by a variety of traits not commonly observed within non-avian 62 reptiles. Varanid lizards vary in mass by close to five orders of magnitude (8 grams-100 63 kilograms), comprising the genus with the largest range in size 2 . Among the squamate reptiles, 64 varanids have a unique cardiopulmonary physiology and metabolism with numerous parallels 65 to the mammalian cardiovascular system. For example, their cardiac anatomy allows high 66 pressure shunting of oxygenated blood to systemic circulation 3 . Furthermore, varanid lizards 67 can achieve and sustain very high aerobic metabolic rates accompanied by elevated blood 68 pressure and high exercise endurance 4-6 , which facilitates high-intensity movements while 69 hunting prey 7 . The specialized anatomical, physiological, and behavioral attributes of varanid 70 lizards are all present in the Komodo dragon (Varanus komodoensis). As the largest extant lizard 71 species, Komodo dragons can grow to 3 meters in length and run at speeds of up to 20 72 kilometers miles per hour, which allows them to hunt large prey such as deer and boar in their 73 native Indonesia 8 . Komodo dragons have a higher metabolism than predicted by allometric 74 scaling relationships for varanid lizards 9 , which helps explains their extraordinary capacity for 75 daily movement to locate prey 10 . Their ability to locate injured or dead prey through scent 76 tracking over several kilometers is enabled by a powerful olfactory system 8 . Additionally, 77 serrate teeth, sharp claws, and saliva with anticoagulant and shock inducing properties aid 78 Komodo dragons in hunting prey 11, 12 . Komodo dragons have aggressive intraspecific conflicts 79 over mating, territory, and food, and wild individuals often bear scars from previous conflicts 8 . 80
81
To understand the genetic underpinnings of the specialized Komodo dragon physiology, 82
we sequenced its genome and used comparative genomics to discover how the Komodo dragon 83 genome differs from other species. We present a high quality de novo assembly, generated with 84 a hybrid approach of long-range sequencing using 10x Genomics, PacBio, and Oxford Nanopore 85 sequencing, and single-molecule physical mapping using the BioNano platform. This suite of 86 technologies allowed us to confidently assemble a high-quality reference genome for the 87 Komodo dragon, which can serve as a template for other varanid lizards. We used this genome 88 to understand the relationship of varanids to other reptiles using a phylogenomics approach. 89
We uncovered Komodo-specific positive selection for a suite of genes encoding regulators of 90 muscle metabolism, cardiovascular homeostasis, and thrombosis. Further, we discovered 91 multiple lineage-specific expansions of a family of chemoreceptor genes in several squamates, 92
including some lizards and a snake, as well as in the Komodo dragon genome. Finally, we 93 generated a high-resolution chromosomal map resulting from assignment of scaffold to 94 chromosomes, providing a powerful tool to address questions about karyotype and sex 95 chromosome evolution in squamates. 96 97
Results 98
De novo genome assembly 99
We obtained DNA from peripheral blood of two male individuals housed at Zoo Atlanta: 100
Slasher, a male offspring of the first Komodo dragons given as gifts in 1986 to US President 101
Reagan from President Suharto of Indonesia, and Rinca, a juvenile male ( Figure 1A ). The V. 102 komodoensis genome is distributed across 20 pairs of chromosomes, comprising eight pairs of 103 large chromosomes and 12 pairs of microchromosomes 13, 14 . De novo assembly was performed 104 using 57X coverage of 10x Genomics linked-read sequencing data to generate an initial 105 assembly with a scaffold N50 of 10.2 Mb and a contig N50 of 95 kb. Separately, 80X coverage of 106 Bionano physical mapping data was de novo assembled to create an assembly with a scaffold 107 N50 of 1.2 Mb. These two assemblies were merged into a hybrid assembly and then scaffolded 108 further using 6.3X coverage from PacBio sequencing and 0.75X coverage from Oxford Nanopore 109 MinIon sequencing, for a total coverage of 144X. The final assembly contained 1,403 scaffolds 110 (>10 kb) with an N50 of 29 Mb (longest scaffold: 138 Mb) ( Table 1 ). The assembly is 1.51 Gb in 111 size, ~32% smaller than the genome of the Chinese crocodile lizard (Shinisaurus crocodilurus), 112 the closest relative of the Komodo dragon for which a sequenced genome is available, and 113 ~15% smaller than the green anole (Anolis carolinensis), a model squamate lizard (Table S1 ). An 114 assembly-free error corrected k-mer counting estimate of genome size estimates the Komodo 115 dragon genome to be 1.69 Gb, making our assembly 89% complete. The GC content of the 
Gene annotation 144
As Komodo dragons have a unique cardiovascular physiology, we used heart tissue as 145 the source for RNA sequencing to increase the accuracy of cardiovascular gene prediction, 146 increasing our power to detect interesting changes to the cardiovascular system encoded in the 147 genome. RNA sequencing was assembled into transcripts with Trinity 19 . After soft masking 148 repetitive elements, genes were annotated using the MAKER pipeline with protein homology, 149 assembled transcripts, and de novo predictions as evidence, and stringently quality filtered (see 150 Methods). A total of 18,462 protein coding genes were annotated in the Komodo genome, 151 17,194 (93%) of which have one or more annotated Interpro functional domain (Table 1) . Of 152 these protein-coding genes, 63% were expressed (RPKM > 1) in the heart. A total of 89% of 153 Komodo dragon protein-coding genes are orthologous to genes in the model lizard A. 154 carolinensis genome. The median percent identity of single-copy orthologs between Komodo 155 and A. carolinensis is 68.9%, whereas it is 70.6% between single-copy orthologs in Komodo and 156 S. crocodilurus ( Figure S1 . Estimated species phylogeny of 15 non-avian reptiles species and 2 additional vertebrates. Maximum likelihood phylogeny was constructed from 2,752 single-copy orthologous proteins. Support values from 10,000 bootstrap replicates are shown. All images obtained from PhyloPic.org.
As the Komodo dragon genome is the first monitor lizard (Family Varanidae) to have a 160 complete genome sequence, previous phylogenetic analyses of varanid lizards has been limited 161 to marker sequences 20,21 . We used the Komodo dragon genome to estimate a species tree 162 using 2,752 single copy orthologs (see Methods) present in the Komodo dragon and 14 163
representative non-avian reptile species, including 7 squamates, 3 turtles, and 4 crocodilians, 164 along with one avian species (chicken) and one mammalian species (mouse) ( Figure 2 ). The 165 placement of Komodo dragon and the monitor lizard genus using this genome-wide dataset 166 agrees with previous marker gene studies 20, 21 . 167 168
Expansion of vomeronasal genes across squamate reptiles 169
The vomeronasal, or the Jacobson's, organ is a chemosensory tissue that detects 170 chemical cues such as pheromones and kairomones. It is shared across amphibians, mammals, 171 and reptiles though it has been secondarily lost in some groups, including birds 22,23 . Squamate 172 reptiles such as snakes and lizards have apparently functional vomeronasal organs with the 173 ability to sense prey-derived chemical signals, as well as specific associated behaviors such as 174 tongue-flicking to deliver olfactory cues to the sensory tissue, and it is clear that the 175 vomeronasal organ plays an important role in squamate reptile ecology 24 . Two types of 176 chemosensory receptors, both of which are seven-transmembrane G-protein coupled 177 receptors, function as sensors in the vomeronasal organ. The number of Type 1 vomeronasal 178 receptors (V1Rs) has expanded through gene duplications in certain mammalian lineages, while 179 the number of Type 2 receptors (V2Rs) has expanded in amphibians and some mammalian 180 lineages 22 . Crocodilian and turtle genomes contain few to no V1R and V2R genes 25 . Snakes, in contrast, have a significantly expanded V2R repertoire that has arisen through gene duplication 182 26 . 183
To clarify the relationship between vomeronasal organ function and evolution of 184 vomeronasal-receptor gene families, we analyzed the coding sequences of 15 reptiles, including 185
Komodo, for presence of V1R and V2R genes ( Figure 3A ). We confirmed that there are few V1R 186 genes across reptiles generally and few to no V2R genes in crocodilians and turtles (Table S6 ). 187
The low number of V2R genes in green anole (Anolis carolinensis) and Australian dragon lizard 188 (Pogona vitticeps) suggest that V2R genes are infrequently expanded in iguanians, though more 189 iguanian genomes are needed to test this hypothesis. In contrast, we found a large repertoire 190 of V2Rs, comparable in size to that of snakes, in the Komodo dragon and other lizards. 191
To infer the details of the dynamic evolution of this gene family, we built a phylogeny of 192 all V2R gene sequences across squamates ( Figure 3B ). The topology of this phylogeny supports 193 that, as previously hypothesized, V2Rs expanded in the common ancestor of squamates, as 194 there are clades of gene sequences containing members from all species 26 . In addition, there 195 are a large number of well-supported single species clades (i.e., Komodo dragon only) dispersed 196 across the gene tree, which is consistent with multiple duplications of V2R genes later in 197 squamate evolution, including in the Komodo and gecko lineages ( Figure 3B ). 198
Because V2Rs have expanded in rodents through tandem gene duplications that 199 produced clusters of paralogs 27 , we examined clustering of V2R genes in our Komodo assembly 200 to determine if a similar mechanism is likely driving these gene expansions. Of 151 V2Rs, 99 are 201 organized into 26 gene clusters ranging in size from 2 to 14 genes ( Figure 4A , Table S7 ). To 202 understand if these gene clusters arose through tandem gene duplication, we constructed a phylogeny of all Komodo dragon V2R genes ( Figure 4B ). The largest V2R cluster contains 14 V2R 204 genes, which group together in a gene tree of Komodo V2R genes ( Figure 4 ). Of the remaining 205 52 V2R genes, 38 are on scaffolds less than 10 Kb in size, so our estimate of V2R clustering is a 206 lower bound due to fragmentation in the genome assembly (Table S7) . 207 208
Positive selection 209
To test for adaptive protein evolution in the Komodo dragon genome, we identified 210 single-copy orthologs across squamate reptiles, built codon alignments, and ran tests of 211 positive selection using a branch-site model to determine genes that have diversified in the 212 varanid lineage (see Methods and Table S8 ). Our analysis revealed 201 genes with signatures of 213 positive selection in Komodo dragons (Table S9) We detected positive selection for angiotensinogen (AGT), which encodes the precursor 264 of several important peptide regulators of cardiovascular function, the most well-studied being 265 angiotensin II (AII) and angiotensin1-7 (A1-7). AII has multiple important and potent activities in 266 cardiovascular physiology. The two most notable, and perhaps most relevant to Komodo 267 dragon physiology, are its vasoactive function in blood vessels, and its inotropic effects on the 268 heart. In mammals during intense physical activity, All increases and contributes to arterial 269 blood pressure and regional blood regulation 37,38 . The positive selection for AGT points to 270 important adaptations in these physiological parameters. Reptiles have a functional renin- Komodo dragons, along with other species of monitor lizards, produce anticoagulants 291 and hypotension-inducing proteins in their saliva which are hypothesized to aid in hunting 11,12 . 292 In addition to hunting, Komodo dragons use their serrate teeth during intraspecific conflict, 293 which can be aggressive and inflict serious wounds 8 . Because it is likely that their saliva enters 294 the bloodstream of Komodo dragons during these conflicts, we hypothesize that the positive 295 selection that we detected in many Komodo dragon coagulation genes may result from 296 selective pressure for Komodo dragons to evade the anticoagulant effects of conspecifics. 297 298 Discussion 299
We have sequenced and assembled a high-quality genome of the Komodo dragon. The 300 combination of platforms that we used allowed the de novo assembly of a genome that will 301 serve as a template for analysis of other varanid genomes, and for further investigation of 302 genomic innovations in the varanid lineage. Moreover, we assigned 75% of the genome to 303 chromosomes. Assignment of the Komodo dragon genome to chromosomes provides a 304 significant contribution to comparative genomics of squamates and vertebrates in general. 305
306
Our comparative genomic analysis identified previously undescribed species-specific 307 expansion of Type 2 vomeronasal receptors across multiple squamates, including lizards and at 308 least one snake. It will be exciting to explore the role this expansion of V2Rs plays in behavior 309 and ecology of Komodo dragons, including their ability to locate prey at long distances 8 . 310
Komodo dragons, like other squamates, are known to possess a sophisticated lingual-311 vomeronasal systems for chemical sampling of their environment 49 . This sensory apparatus 312 allows Komodo dragons to perceive chemicals from the environment for a variety of social and 313 ecological activities, including kin recognition, mate choice 50,51 , predator avoidance 52,53 , 314 hunting prey 54,55 , and for locating and tracking injured or dead prey. Komodo dragons are 315 unusual as they adopt both foraging tactics across ontogeny with smaller juveniles preferring 316 active foraging for small prey and large adult dragons targeting larger ungulate prey via ambush 317 predation 10 . However, retention of a highly effective lingual-vomeronasal system across 318 ontogeny seems likely, given the exceptional capacity for Komodo dragons of all sizes to locate 319 injured or dead prey. 320
321
We find evidence for positive selection across many genes involved in regulating 322 mitochondrial biogenesis, cellular respiration, and cardiovascular homeostasis. Komodo 323 dragons, along with other monitor lizards, have a high aerobic capacity and exercise endurance, 324 and our results reveal selective pressures on biochemical pathways that are likely to be the 325 source of this high aerobic capacity. Future genomic work on additional varanid species, and 326 other squamate outgroups, will test these hypotheses. These selective processes are consistent 327 with the increased oxidative capacity in python hearts after feeding 28 . Reptile muscle 328 mitochondria typically oxidize substrates at a much lower rate than mammals, partly based on 329 substrate-type use 56 . The findings that Komodo have experienced selection for several genes 330 encoding mitochondrial enzymes, including one involved in fatty acid metabolism, points 331 towards a more mammalian-like mitochondrial function. In addition to a clear indication of 332 adaptive muscle metabolism, we found positive selection for AGT, which encodes two potent 333 vasoactive and inotropic peptides with central roles in cardiovascular physiology. A compelling 334 hypothesis is that this positive selection is an important component in the ability of the 335 Komodo to rapidly increase blood pressure and cardiac output for attacks on prey, extended 336 periods of locomotion including inter-island swimming, and male-male combat during the 337 breeding season. Direct measures of cardiac function have not been made in Komodo dragons, 338 but in other varanid lizards, a large aerobic scope during exercise is associated with a large 339 factorial increase in cardiac output 57 . Overall, these cardiovascular genes suggest a profoundly 340 different cardiovascular and metabolic profile relative to other squamates, endowing the 341 Komodo dragon with unique physiological properties. 342
343
We also found evidence for positive selection across genes that regulate blood clotting. 344
Like other monitor lizards, the saliva of Komodo dragons contains anticoagulants. The extensive 345 positive selection on the genes encoding their coagulation system likely reflects that there is 346 selective pressure for Komodo dragons to evade the anticoagulant and hypotensive effects of 347 the saliva of conspecific rivals for food, territories, or mates. While all monitor lizards tested 348 contain anticoagulants in their saliva, the precise mechanism by which they act varies 12 . It is 349 likely that monitor lizards have evolved different types of adaptations that reflect the diversity 350 of their anticoagulants. Understanding how these systems have evolved has the potential to correspond to enrichment, while PRRs <1 correspond to depletion. As the PRR value is 450 distributed lognormally, we use its logarithmic form for our calculations. To filter out only 451 statistically significant PRR values we used thresholds of logPRR >0 and its p-value <=0.01. 452
Scaffolds with logPRR > 0 were considered enriched in the given sample. If one scaffold was 453 enriched in several samples we chose highest PRR to assign scaffold as top sample. 454
We also assigned homology of V. komodoensis genome to genomes of Anolis carolinensis 455 (AnoCar2.0) and Gallus gallus (galGal3) generating alignment between genomes with LAST 70 456 and subsequently using chaining and netting technique 71 . For LAST we used default scoring 457 matrix and parameters of 400 for gap existence cost, 30 for gap extension cost and 4500 for 458 minimum alignment score. For axtChain we used same distance matrix and default parameters 459 for other chain-net scripts. 460
461

RNA sequencing 462
RNA was extracted from heart tissue obtained from an adult male specimen that died of 463 natural causes. Trizol reagent was used to extract RNA following manufacturer's instructions. 464
RNAseq libraries were produced using a NuGen RNAseq v2 and Ultralow v2 kits, and sequenced 465 on an Illumina Nextseq 500. 466 467
Genome annotation 468
RepeatMasker was used to mask repetitive elements in the Komodo dragon genome 469 using the squamata repeat database as reference 15 . After masking repetitive elements, 470 protein-coding genes were annotated using the MAKER version 3.01.02 72 pipeline, combining 471 protein homology information, assembled transcript evidence, and de novo gene predictions 472 from SNAP and Augustus version 3.3.1 73 . Protein homology was determined by aligning 473 proteins from 15 reptile species (Table S10) (Table S10 ). Aligned proteins were 493 concatenated into a supermatrix, and a species tree was estimated using IQ-TREE version 494 1.6.7.1 82 with model selection across each partition 83 and 10,000 ultra-fast bootstrap 495 replicates 84 . 496
Gene family evolution analysis 498
Gene family expansion and contraction analyses were performed with CAFE v4.2 85 for 499 the squamate reptile lineage, with a constant gene birth and gene death rate assumed across 500 all branches. 501
Vomeronasal type 2 receptors were first identified in all species by containing the V2R 502 domain InterPro domain (IPR004073) 86 . To ensure that no V2R genes were missed, all proteins 503 were aligned against a set of representative V2R genes using BLASTp 87 with an e-value cutoff of 504 1e-6 and a bitscore cutoff of 200 or greater. Any genes passing this threshold were added to the 505 set of putative V2R genes. Transmembrane domains were identified in each putative V2R gene 506 with TMHMM v2.0 88 and discarded if they did not contain 7 transmembrane domains in the C-507 terminal region. Beginning at the start of the first transmembrane domain, proteins were 508 aligned with MAFFT v7.310 (auto alignment strategy) 89 (Table S8 ). An additional 2,040 genes that were universal and single-copy across a subset of squamate species (Varanus komodoensis, Anolis 519 carolinensis, Python molurus bivittatus, and Gekko japonicus) were also analyzed (Table S8 ). We 520 excluded multi-copy genes from all positive selection analyses to avoid confounding from 521 incorrect paralogy inference. Proteins were aligned using PRANK 81 and codon alignments were 522 generated using PAL2NAL 91 . 523
Positive selection analyses were performed with the branch-site model aBSREL using the 524 HYPHY framework 92,93 . For the 4,081 genes that were single-copy across all squamate lineages, 525 the full species phylogeny of squamates was used. For the 2,040 genes that were universal and 526 single-copy across a subset of species, a pruned tree containing only those taxa was used. We 527 discarded genes with unreasonably high dN/dS values across a small proportion of sites, as 528 those were false positives driven by low quality gene annotation in one or more taxa in the 529 alignment. We used a cutoff of dN/dS of less than 50 across 5% or more of sites, and a p-value 530 of less than 0.05 at the Komodo node. Each gene was first tested for positive selection only on 531 the Komodo branch. Genes undergoing positive selection in the Komodo lineage were then 532 tested for positive selection at all nodes in the phylogeny. This resulted in 201 genes being 533 under positive selection in the Komodo lineage (Table S9) Table S1 . Genome statistics for non-avian reptiles used in this study. 622 Table S2 . Repetitive elements in the Komodo dragon genome. 623 Table S3 . Read statistics for chromosomal anchoring. 624 Table S4 . Scaffold assignment and homologies of Komodo dragon scaffolds to green anole and 625 chicken chromosomes. 626 Table S5 . Number of reads, scaffolds, and positions assigned to chromosomes. 627 Table S6 . Number of V1R/V2R genes across non-avian reptiles. 628 Table S7 . V2R gene clusters in the Komodo dragon genome. 629 Table S8 . Genes assayed for positive selection in the Komodo dragon genome. 630 Table S9 . Positively selected genes in the Komodo dragon genome. 631 Table S10 . Sources and versions of genomes used for phylogenetic and comparative methods. Figure S2 . Positive selection on genes encoding structural proteins in the electron transport chain. Dark gray genes were not tested for positive selection due to either missing data in one or more species or difficulty resolving ortholog/paralog relationships. Pink genes have signatures of positive selection, and light gray genes did not have signatures of positive selection. Figure modified from WikiPathways 63.
